The main objective of this study is to analyse the opportunities for the development of heat pump drying systems in South Africa. Compared with South African traditional industrial and agricultural drying methods such as: direct/indirect sunlight, wood burning, fossil fuel burning, electrical heaters and diesel engine heating; heat pump dryers are much more advanced. They provide a high energy efficiency with controllable temperature, air flow, air humidity and large energy saving potential. In the last decade the market of heat pump systems for water heating and space cooling/heating has been developed well in South Africa, but the development of heat pump for industrial and agricultural drying is very slow. Heat pump drying systems are well developed in Europe, US, Canada, New Zealand, Singapore, Australia, China and many other countries. Due to the fast increasing prices of fossil and electricity, the shortage of fossil sources and electricity in South Africa, and the emission of CO 2 ; green energy, energy saving and energy efficiency are imperative. Heat pump drying system is one of the most energy saving and economical methods in drying applications if the operation time is more than a minimum period per year. Therefore, the development of heat pump drying systems in South Africa is an efficient way to solve energy problems in drying applications.
INTRODUCTION
Drying is one of the most energy intensive units that accounts up to 15% of all industrial energy consumption in developing countries [1] . Drying plays an important role in many manufacturing fields such as wood, paper, clothing, tea, biltong and herbs. It is also a significant part of agriculture such as: grains storage, dried fruits and dried nuts. Drying process consumes up to 70% of the total energy in wood products manufacturing, 50% of the total energy in textile fabrics and over 60% of the total energy on farm corn production [2] .
In South Africa, traditionally, the drying methods are direct/indirect sunlight, wood burning and fossil fuel, electrical heater and diesel engine heating. Compared with traditional drying methods, the heat pump (HP) drying systems are much more advanced. They have large energy saving potential with ensuring the products' quality of controllable drying temperature, relative humidity, drying air flow rate, drying period, moisture extraction, etc.
Due to the increasing prices of fossil and electricity in South Africa, the shortage of fossil sources and the emission of CO 2 ; green energy, energy saving and energy efficiency are much more imperative. These were also hot topics at COP17 climate change conference in Durban, South Africa in 2011 [3] . To develop the market of HP drying systems is necessary.
In the last decade the market of HP systems for water heating and space cooling/heating has been developed well in South Africa. But the development of HPs for industrial and agricultural drying is very slow because of the following reasons: (1) heat pump dryer (HPD) products have been known by South African only recently; (2) it is not as easy to be understood as other drying principles; (3) The electricity price and fossil price increase fast only recently. In Europe, US, Canada, China, Australia, Singapore and many other counties, the HPDs are developed and applied well. Now, it is the opportunity for most developing countries to open the market. Meyer and Greyvenstein have done the economic analysis of HPD to compare with direct electrical heaters and diesel engine burners in South Africa [4] . It indicated the HPDs are more economical than other drying methods when HPD is used for more than a minimum period per year which the period depends on the drying materials.
The purpose of this paper is to promote the application of HPDs in industry and agriculture and optimize the design of HPDs for South Africa. For different drying products, there are different design requirements and operation conditions. For a unique drying process, the design and operation have to be done according to the properties of the drying product and climate conditions of the location.
HEAT PUMP DRYER
Heat Pump is the same as an air conditioning system, which uses the change in state of liquid (refrigerant) to absorb heat from one place (the heat source) and release it in another place (the heat sink) [5] . This is done by causing a liquid to boil at a temperature far enough below the temperature of the heat source to obtain the desired heat quantity transfer rate. At the same time, the heat energy picked up by the system, as well as the energy required to do the work, has to be disposed off at a higher temperature than the place the heat is intended for (the heat sink).
The HPs can be classified into following types: ground source heat pump (GSHP), air source heat pump (ASHP), gas-engine-driven heat pump, chemical heat pump (CHP), solar heat pump, and desiccant heat pump [6] . However, for all types, the main components are the same, namely, two heat exchangers (evaporator and condenser), a compressor, an expansion valve and refrigerant, and the basic operating principles are the same. The differences are the heat sources.
The common HPs for drying applications are: ASHPs, CHPs and GSHPs. Amongst them, ASHPs are the most popular to be used for drying [6] . Figure 1 represents the schematic diagram of an ASHP drying system with a control system. The drying air is recycled to the drying chamber (dryer) to increase both the speed and the temperature of air flow. The hot air goes into drying chamber (dryer) at point 1 to pick up moisture and heat up the product. The moist air goes directly to evaporator coil at point 2. The moist air temperature is still much higher than the evaporator's. When the moist air goes through the evaporator and meets lower temperature to its dew point, the water condenses out from the air. The air with recovered heat blows out at point 3 and goes into condenser at point 4. Repeatedly, the condenser heats up the recycled air to the desired temperature of the dryer [7] . HPDs have been studied and developed by researchers for a long time to improve the performance. Many researchers have acknowledged the features of HPs, which has resulted in the fast growth of both theoretical and applied on ASHP. Some selected studies on ASHP for agricultural and marine products show in Table 1 . Table 1 Some studies in air source heat pump drying applications.
Source Location Application(s) Remarks
Meyer and Greyvenstein (1992) [4] South Africa Grain The HPD is more economical than other dryers if the HPD is used more than a minimum period. Mason and Balrcom (1993) [8] Australia Macadamia nuts The investigation of HPD. Prasertsan and Saen-saby (1997) [9, 10] Thailand Agricultural food (Bananas)
HPD is economical and advanced for high moisture materials. O'Neill et al. (1998) [11] New Zealand Apples Modified atmosphere heat pump system drying produces products with a high level of pore structure and good physical properties. Chou et al (1998 Chou et al ( , 2001 ,2000) [12] [13] [14] Singapore agricultural and marine products
With the scheduled conditions the products quality can be improved 
ENERGY EFFICIENCY
The energy efficiency of a HP is defined by the coefficient of performance (COP) which is given by:
The maximum theoretical HP efficiency is given by the Carnot:
The COP carnot cannot be used as a physical indicator of the drying system. But it can be used to show the difference between refrigerant system and ideal system. The COP carnot is always bigger than actual COP.
Except for the COP, another factor, the specific moisture extraction rate (SMER), is also important to indicate the performance of a drying system defined as:
ADVANTAGES AND LIMITIONS OF A HPD
The main advantages of HP for drying applications are as follows [7] : x High Energy Efficiency The key advantage of HPDs is the high energy efficiency. The conversion of natural energy is used for direct heating. As well as the recovery of the exhausted hot air to recycle and reduce wasted energy. With the applications of sensors and advanced controllers, it is possible to adjust the temperatures of the condenser and evaporator to get the suitable drying temperature. It is also possible to control the fans' speeds to achieve the better air flow according to real time quality. x Increased throughputs A HPD can work at any time as it has the capability of 24 hours per day. If it is working inside of a workshop, it does not matter how the weather condition is. So, with it the production potential is bigger than with traditional drying.
Limitations are as follows [7] : x Higher Initial Cost Compared to traditional drying methods, the initial cost of HPD may be higher. Most of the initial costs are for the controllers, compressor, heat exchangers, etc. But, if the time of using a HPD is more than a minimum period per year, the payback time will be short.
The refrigerant would pollute the environment if the pipe or valve cracks due to the refrigerant system pressure. Once the leakage of a refrigerant system occurs, it would cause pressure drops and the performance will reduce. In order to reduce gas emissions that harm the environment, compounds such as carbon dioxide (CO 2 ) and nitrogen oxides (NOx) are encouraged to be used as green refrigerants.
PROCESS ANALYSIS
The main parts of a HP drying system are the dryer and the HP system. Every parameter of the dryer and the HP system affects the drying process. The most important factors to examine the drying process and cost of the HPD are recycle air ratio, airflow rates, evaporator bypass air ratio and drying air temperature [15] . Those factors affect the COP, SMER, product colour and quality. Some other factors also affect the drying performance such as initial moisture content, the dryer's size, room temperature, etc.
COMPARISON OF DIFFERENT DRYING MOTHODS
Perera and Rahman indicated that HPDs are more efficient than conventional hot air dryers from the comparison results of HPD with vacuum and hot air drying [19] . The comparison is shown in Table 2 . Similarly, this study will compare the HPD with South African traditional drying methods for fruits drying. In South Africa, the common drying methods are: direct/indirect sunlight, wood burning and fossil fuel, electrical heater and diesel engine heating. Table 3 compares the analysis results of different traditional drying methods with the HPD for fruits drying. There are 17 drying characteristics have been studied. The advantages and limitations of a HPD are clear as seen in Table 3 . 
MATHEMATICAL MODELING
Optimization of the operating temperatures, airflow rates and the sizes of system components for the HPD is important in order to achieve the maximum energy efficiency and throughput, and minimum cost for the system. Figure 1 represents the schematic diagram of a drying system. According to the basic principle of mass and energy conservation for each control volume, the mathematical modelling can be developed [15] . To simplify a HPD model, the mathematical models could be developed on the main parts: the dryer, the HP system (compressor, condenser and evaporator).
ECONOMIC ANALYSIS
From the results of Table 3 , it can be seen that HPD is advanced for fruits drying though the initial capital cost is high. However, according to the high energy efficiency of HPD, the payback time will be seen in a few years. Meyer and Greyvenstein did the techno-economic analysis of grain drying using HPs in South Africa in 1991. They showed the life cycle cost with an electrical heater and with diesel engine burning were three and four times of that with HPD [4] . During 1991, the average electricity price was about R0.12 per kWh and diesel price was R0.89 per litre. After 21 years, the electrical price increased 5 times which is about R0.62 per kWh; diesel price increased more than13 times which is R11.67 per litre (R: Rand, South African Currency). Therefore, electrical heating and diesel engine heating are not economical anymore.
In the last two decades, more than 100 studies have been done on HPD [20] . The efficiency of HPD has been improved a lot. Normally, a single-stage vapourcompression HP can achieve COP in the range of 3 to 4, and a multistage system can get much higher COP [21] .
But the efficiencies of all traditional drying methods are less than 100%. Therefore, a HPD will save a lot of energy to reduce the payback period.
5.

OPTIMAL DESIGN OF HEAT PUMP DRYER
Both Chua and Söylemez mentioned the main objective of any drying method is to process the drying products of desired quality at a minimum cost and maximum throughput by reducing energy waste and optimizing the process of the system [1, 22] . For drying process, the design and operation have to be done according to the properties of drying products and climate conditions of the locations. For South Africa, the following characteristics could be designed according to the warm weather: 1) No extra auxiliary heating needed The evaporator is not easy to freeze because the indoor temperature is normally higher than 0 o C.
2) Close loop drying air flow For example, Gauteng province is an intensive industrial province, it is approximately about 1500m above the sea level. The height has a small influence on the COP if the evaporator is wet. On the other hand, significant reduction of COP will occur if the evaporator is dry [23] . Therefore, the design of close loop air flow for drying is perfect, the hot dry air goes off from the condenser to heat the product and absorb the moisture. Then the hot moist air flows to the cold evaporator at a temperature which is lower than the dew point temperature. The evaporator condenses out the moisture that keeps the evaporator wet. The air is still hot and recycles to condenser. It could recover the wasted heat.
SYSTEM CONTROL
The drying conditions of air flow and condenser temperature could be controlled by a PID (ProportionalIntegral-Derivative) controller. It will improve the drying performance and product quality. An experiment was studied by Ceylan to use HPD to dry kiwi and avocado. The drying air flow was controlled by a PID controller to adjust the axial fan speed [24] . On his experiment, the improvement could be done by controlling the parameters. The PID control in a HPD system is presented in Figure 1 .
The PID control flow diagram for HPD is presented in Figure 2 . The temperature sensor acquires the dryer's temperature and transfers it to PID controller to check. The measuring temperature will stimulate feedback through the PID controller according to the setting temperature. A PID controller can adjust the drying air flow rates and temperatures. The PID controller can adjust the condenser temperature in the following situations:
1) Dryer's temperature is higher than setting temperature Under this condition, PID controller controls the VSD (Variable-Speed-Drive) to reduce the frequency of the compression of the compressor. That reduces the quantity of heat to be transferred to the condenser and the temperature will decrease.
2) Dryer's temperature is lower than set temperature Oppositely, PID controller controls the VSD to increase the frequency of the compression of the compressor. It will increase the condenser temperature.
CONCLUSION
